INTRODUCTION
Delayed fluorescence (DF) phenomenon can be described as lighting of green plants, algae and photosynthetic bacteria in red range of the visible spectrum, immediately upon their illumination. In the final step, DF is created by the same S 1 ® S 0 transition as prompt fluorescence (L a n g et al. (Chl) is created. In case of prompt fluorescence, the S 1 state is created in a 10 -12 -10 -14 s period by internal conversion, following light absorption. In case of DF, the S 1 state is created through a recombination of products formed in the primary photochemical act (G o v i n d j e e et al., 1971; J u r s i n i c, 1986). Therefore, unlike prompt fluorescence, which does not need more than one single Chl molecule to be emitted, the entire entity of the photosynthetic apparatus is necessary for DF emission, i.e. DF has been used as a criterion for its integrity ( Z a h a r i e v a et al., 1999) .
Delayed fluorescence induction trace reflects processes and phenomena occurring when a photosynthetic object is being kept in darkness for a while, and then illuminated, i.e. in a transition period from dark to light regime. Most DF induction traces were recorded under the millisecond working regime of a rotating disc, with intermittent illumination, consisting of a few milliseconds of light period, and consecutive few milliseconds of darkness in which DF is being recorded (V u å i n i ã, 1983; M a r k o v i ã et al., 1987) . The overall shape of a DF induction trace is highly dependent on the length of the dark period preceding illumination (D z h i b l a d z e et al., 1988; B u k h o v et al., 1989) . If the preceding dark period (t d ) is longer than 30 and shorter than 300 s, DF induction trace is split into at least three transients (R a d e n o v i ã et al., 1985, 1994 ; R a d e n o v i ã, 1994, 1997; R a d e n o v i ã et al., 2003) . Clearly distinct appearance time of their maxima (t maxA = 31 ± 6 ms; t maxB = = 5 ± 0.5 s; t maxC = 15 ± 5 s and t maxD = 300 ± 60 s; t maxE = 670 ± 35 s) suggests that their origins are in various processes occurring during the dark/light transition period. V e s e l o v s k y and V e s e l o v a (1990) made a step forward in explaining the DF induction trace transients, by putting a DF induction trace on the same time scale with temporal variation of prompt fluorescence during continuous illumination of the photosynthetic apparatus (Kautzky effect), and with oxygen evolution changes. The Kautzky effect has been thoroughly investigated and it is reasonably well understood (G o v i nd j e e et al., 1971; G o v i n d j e e 1975; L i c h t e n t h a l e r et al. 1988; 1992) . The comparison revealed correlation of the B and C transients with electrochemical gradient (ECG), formed across thylakoid membranes upon illumination (V e s e l o v s k i i et al., 1990; R a d e n o v i ã et al., 1981, 1985, 1994 ; R a d e n o v i ã 1994, 1997).
Another mathematical model of these transients, contained in our last report, was based on the chosen kinetic model for consecutive first order reactions (M a r k o v i ã et al., 2001) . In the present work we approach the problem of modeling DF induction signal transients from another angle. If a leaf segment is subject to an intermittent light regime, consisting of a series of flashes, a mathematical procedure could be developed to track the most probable number of targets (antennas), hit by a particular number of projectiles (photons), as a function of time (light flash number). Parameters of such a model include antenna sizes and their relative numbers within the analyzed leaf segment, for each of the recorded transient within the DF induction signal. Since it was shown that DF induction transients depend on the previous leaf dark period t d (R a d e n o v i ã et al., 1981, 1985, 1994 ; R a d e n o v i ã, 1994, 1997), a basic test of the model would be to fit a number of induction curves, differing in t d , with model equations. As a result, one should expect that fitted parameter values concerning antenna sizes should not depend on t d (at least not in a trend-like manner), while those related to relative antenna numbers (i.e. numbers of PSII responsible for DF emission) may exhibit such a behavior, depending on the complex processes during the leaf dark period.
MATERIALS AND METHODS

Objects of Studies
Inbred lines: -ZP R70ÿ -developed by the ear to row method from the Rumski Golden Dent variety is the inbred of FAO maturity group 300, dent kernel type, with white cob; the inbred is a good combiner, non-resistant to lodging and it is a property of the Maize Research Institute, Zemun Polje.
-Oh43 -developed by the ear to row method from the F 2 population of a narrow genetic base that was derived by self-pollination of F 1 hybrid Oh40B x W-8 is the inbred of FAO maturity group 500, dent kernel type, with white cob; the inbred is a good combiner, tolerant to drought, has lower yielding per se, and it is of the USA origin.
The hybrid ZPSC 46A -derived by crosses of the inbred lined ZP R70ÿ to the inbred line Oh43, is the hybrid of FAO maturity group 400, dent kernel type, with white cob; the hybrid has a high yielding potential, is tolerant to drought and is very adaptive to the growth under different agroecological cultivation conditions.
Experimental Procedure
Maize (Zea mays L.) inbred lines ZP R70ÿ, Oh43 and hybrid ZPSC 46A leaf segments (2 cm 2 ) were cut under water and placed on a temperature controlled plate inside a phosphoroscope. They were adapted to plate temperature (23°C), and the delayed fluorescence emission was recorded. The DF intensity was measured in the dark interval of intermittently illuminated leaves, using a Becquerel phosphoroscope and a 150 W quartz-halogen lamp. One cycle consisted of 2 ms of light and 10 ms of darkness. Delayed fluorescence was recorded from the 3 rd to 7 th ms of the dark interval, using a cooled photomultiplier. Signal from the multiplier was registered on a storage oscilloscope for the fastest processes, while slower variations of DF were recorded on a chart. Few minutes of recording produced a DF induction trace, with faster transients in the first two minutes, and slower changes afterwards. A schematic presentation of the experimental set up of the equipment for DF chlorophyll recording is given in Figure 1 A RETROSPECTIVE VIEW TO EXPERIMENTAL RESULTS WITH DISCUSSION
Conditions for generation of transients of delayed chlorophyll fluorescence induction process
Depending on the duration of the dark period (t) -the time of previous keeping of intact leaf segments of maize inbred lines and the hybrid in the dark -two induction curves of DF chlorophyll can be registered (Figure 2a , p, q).
The registered curves of DF chlorophyll induction processes have a reference connotation, hence they are used in preceding and initial measurements , 1981, 1985, 2003; R a d e n o v i ã, 1994, 1997) . The DF chlorophyll induction curve marked with p, Figure 2a , is always obtained when the maize intact leaf segment is kept in the dark for a longer period of time (t 15 minutes) prior to its intermittent illumination in the phosphoroscope. The DF chlorophyll resolve induction curve, marked with q, Figure 2a , is obtained when the maize intact leaf segment is kept in the dark for significantly short period of time (500 s t 30 s) with a time rate of t = 30 or 60 seconds prior to its intermittent illumination in the phosphoroscope. It is shown that the DF chlorophyll induction processes resolved in 5 transients conditionally designated with A, B, C, D, E, Figure 2a 
Resolution of delayed chlorophyll fluorescence induction processes into transients
In the experimental resolution of DF chlorophyll induction processes, transients B, C, D and E were initially revealed by the application of standard measurements of DF chlorophyll (R a d e n o v i ã et. al., 1985, 1994 
THE MATHEMATICAL MODEL
Suppose that a group of identical targets, uniformly distributed over a particular surface, is being hit intermittently by flashes consisting of identical projectiles of infinitesimally small dimensions. Although relations resulting from this model may be applied on other objects, in this particular case targets represent antennas of the photosynthetic apparatus, and projectiles -potentially absorbing photons. Suppose, further, that each target may be associated with a number of discrete states, depending on the cumulative number of photons absorbed from the beginning of the intermittent regime. The following presumptions will be respected: (a) each target is hit not more than once during one flash; (b) "target history" can not be neglected, i.e. "target state" created by absorption of a particular number of photons is maintained throughout the process. This restriction may be overcome by deriving new equations, taking into account reversibility of target states.
Let us observe m uniformly dispersed targets, each with an area s, within a target field with surface area S. If only one projectile approaches the field, geometric probability of a hit is:
If two projectiles are being directed towards the field, the corresponding probabilities would be: -for both projectiles to hit the targets p 2 2 = (ms/S) 2 ;
-for one projectile to hit, the other to miss
-for both projectiles to miss
Probability for a given number of successful hits obviously obeys the binomial distribution. Therefore, for a flash containing n projectiles, probability of exactly r successful hits would be:
Most probable number of hits could then be calculated from the condition p p r n r n = -1 , ich yields
Let us observe a series of flashes, each flash consisting of n projectiles, and let us derive an expression for the most probable number of targets hit by j projectiles after k flashes. Schematically, the whole target field may be represented by a rectangle. After the k-th flash, it could be split into a series of k + 1 adjacent subfields (rectangles), each representing the group of targets cumulatively hit by a given number (0, 1, …, k) of projectiles. Although each subfield is drawn as a compact part of the whole field, it is presumed that subfield targets are uniformly dispersed within the field. In the centre of each rectangle, there is a numerical mark representing the cumulative number of hits received by each target in the subfield. After the k-th flash, there are two kinds of targets, cumulatively hit j times: 1) Targets, cumulatively hit j -1 times by projectiles before the k-th flash and receiving the j-th hit during the k-th flash ("newly hit targets"). Their number will be denoted with m j k . 2) Targets, cumulatively hit j times before the k-th flash, but missed by projectiles of the k-th flash.
Sum of the number of targets described by 1) and 2) will be denoted with M j k . Bearing in mind the presumption (b), concerning the conservation of target states, M j k represents the total number of targets cumulatively hit j times after k flashes. Schematically, it corresponds to the union of all subfields marked with number j in their centers.
According to the above defined labels, number of targets before the first flash is m 0 0 . After the first flash, the following scheme appears:
M M After the second flash, the same fraction of the number of targets that had previously been hit by one projectile (left subfield in the scheme above), is hit by the second projectile. Similarly, the same fraction of the number of targets previously missed (right subfield in the scheme above), is now hit by their first projectile. Therefore, each subfield from the previous scheme must be split into two new subfields, increasing the total number of subfields to four. In the new scheme (below), first subfield from the left denotes targets cumulatively hit by two projectiles, two subfields in the middle refer to targets hit by one projectile (one to targets hit during the first, the other during the second flash), while the last subfield stands for targets missed during both flashes: From these few steps, general recurrent formulas can be derived:
By sequential substitution of the corresponding quantities, one can derive explicit expressions for k = 1, 2 and 3: If one observes the right column relations, an induction hypothesis can be established:
Using the induction method, it is easy to prove that formula (3) is valid for every integer value of k.
Reversibility of Target States
Although the binomial distribution (3) could be derived more directly (starting from the fact that target states are independent and by calculating probabilities that a particular target received j hits from k flashes), the step-by--step tracking of target states, described above, turned out to be more suitable for model modifications. Specifically, the relations derived in that manner may be easily modified to account for reversibility of target states. The simplest model modification would be by introducing only spontaneous transitions from a "more" to the "nearest less accumulated" state. Although these transitions probably occur during both light and dark intermittent intervals, for reasons of simplicity let us take into account only the dark transitions. Let us further denote with ( ) M j k ¢ number of targets hit by j photons during k flashes at the end of the k-th dark intermittent interval (after the reversible transitions had been completed). If the corresponding target state is denoted with (j, k), two opposite transitions occur during the dark interval: 1) From the first "higher" to the present state: (j + 1, k) ® (j, k), increasing M j k , and 2) From the present to the first "lower" state (j, k) ® (j -1, k), decreasing M j k . However, two exceptions exist: the number of targets in the "highest" state, M k k , may only decrease, while number of targets in the "lowest" state, M k 0 , may only increase. If the transition dynamics is exponential, so that at the end of the dark intermittent interval (T id seconds long), from M j k targets in state (j, k) only M j k exp (-c j T id ) remain, two modified sets of recurrent equations could be written as:
valid for the light and
describing the processes during the dark intermittent interval. However, unlike the initial model, complexity of the corresponding explicit relations increases considerably with k, even in case of equal transition rates: c k = c k -1 = … = = c 1 = c. Therefore, in this work, we fitted the experimental data supposing that c = 0, leaving the derivation of explicit set of equations for c ¹ 0 for our future work.
Model Summary
Observing formula (3), an expression relating the fraction of targets cumulatively hit by j photons during k flashes can be established:
Equation (4) Abscissa variable is k, proportional to t, the illumination time of the intermittent regime in experiments with rotating disc (described in Experimental Procedure). These two quantities are related by the following equation: 
Since in this paper DF induction transients (DFIT) are modeled with functions defined by (3), each recorded DF induction curve, containing DFIT as components, should be related to (3) in the following manner: - where: Sc is the scaling factor, relating the number of targets hit and the ordinate value (in [mm]) of the experimentally recorded DF induction curve (depends on the experimental setup); it -index assigned to each induction transient; nt -number of induction transients. In addition, a steady state of DF induction trace, achieved after sufficient intermittent illumination time, was modeled with an exponential function: I s (k) = C s (1 -exp(-t s k)), where C s represents the DF steady state level, t s -time constant defining the steady state dynamics. Final form of the fitting function is therefore:
In (5), in case of it-th induction transient, m it stands for its initial number of targets (m 0 0 of expression (3)), and p it for ns/S of expression (3). These notations will be used throughout the RESULTS section. Additionally, in the same section, subscripts it = 1 and it = 2 will be substituted with conventional transient notations: C and D. Therefore, m C , m D , p C , p D , j C and j D will be used, rather than m 1 , m 2 , p 1 , p 2 , j 1 and j 2 , as in (5).
Fitting Procedure
Each DF induction curve, within one series, was recorded from the same leaf segment after a previous dark period (t d = 45, 60, 90, 120, 150, 180 and 240 [s] ). The fitting procedure was performed applying the Nelder-Mead simplex algorithm, supplied with MATLAB for windows, Version 4.2c. A more detailed description of the procedure can be found in our previous paper ( M a r k o v i ã et al., 2001 ).
RESULTS
As an example, four of the seven analyzed DF induction curves are presented on (Fig. 6 ), but rather an inverse "U" shape with a broad plateau, while p D was close to a constant. In order to obtain an answer to the question which model type is most appropriate, we compared their mean square errors:
where: N is the number of experimental points for a particular DF induction curve (DFIC); (DFIC) ip -value of the experimental curve in point ip; I(ip) -value of the fitted model line, according to (5), in the same point. Six model types: j C , j D = 1,1; 1,2; 1,3; 2,2; 2,3; 3,3 were tested. Each of the seven experimental DF induction curves (t d = 45, 60, 90, 120, 150, 180, 240) was fitted with every one of the six models. For each model type, all seven mean square fitting errors were averaged, and the result presented on Fig.  8 . As shown, the smallest fitting error was obtained when both (C and D) DF transients had been modeled as targets cumulatively hit by two photons after k intermittent light flashes. 
DISCUSSION
Induction kinetics of delayed fluorescence is dependent on the used photosynthetic object, as well as on the applied experimental method, and the same stands for very rare attempts of the transients modeling. For example, G o l t s e v and Y o r d a n o v (1997) recorded simultaneously prompt and delayed fluorescence emission from few photosynthetic objects, using a phosphoroscope disc, but with much shorter registration and dark periods. Their modeling was related to particular electron-transport steps involved in the mechanism of DF emission (primarily located in PSII), but antennas role was not considered. In a recently published paper, G o l t s e v et al. (2003) extended their research by analyzing prompt/delayed fluorescence relationship from barley-wild type and chlorophyll b-less mutant chlorina f2, but antennas role were interpreted in an indirect manner.
Although DF emission is a minor probability dissipation event, once the photons are absorbed inside antennas (0.03% of total absorbed energy (J u rs i n i c et al., 1982)), delayed fluorescence is the only registered emission with the described experimental setup. In our case, a typical DF induction curve may be split into at least three components (M a r k o v i ã et al., 2001) . In this work, similarity of shapes between theoretical (Figs. 3 and 4) and experimental DF induction curves (Fig. 5 ) was used as a starting point to relate two distinct DF transients (C and D) with subpopulations of targets, hit by a particular number of photons. This was achieved by means of theoretically introduced model parameters m C , m D , p C and p D (equations (4) and (5) (Fig. 7) , while p C was characterized by a very broad plateau in the middle range of t d values (60-180 s). The important result was that no obvious quasilinear trend was observed for p C or p D , as was for m C on Fig. 6 . However, the detected decrease of p C for the smallest and biggest values of t d , if confirmed, still remains to be explained. Since the leaf segment area S was an experimental constant, the only quantity responsible for any dependence of p C or p D on t d , could have been ns -product of the number of absorbable photons in a single flash, n, and the target area, s. It is still an open question, though, whether based on these results solely, we are qualified to speak about two subpopulations of targets. Obviously, additional analyses are required in order to acquire reliable answers to these questions. But if this hypothesis would be confirmed, targets associated with transient C would have an order of magnitude greater value of the product ns, than those associated with transient D (although it would still remain unclear whether this could be transferred to their areas: p C /p D ® s C /s D ). As well, it would be interesting to check whether different dependences of their DF-emitting numbers on t d (m C showed a quasilinear increase while m D did not, Fig. 6 .), would also be confirmed.
Two types of photosynthetic antennas, dealing with DF, have already been described. They were related to the intensity of the incident light (I L ), depending on the light regime by which a photosynthetic object was illuminated. Two types of DF dependences on light intensity (I L ) have been found: square dependence (proportional to (I L ) 2 ), at lower I L values, and linear dependence, at higher light intensities (M c C a u l e y et al., 1981). The (I L ) 2 dependence was obtained using a phosphoroscope (millisecond light/dark regime), while the linear dependence has been observed with microsecond and submicrosecond excitation flashes. Square dependence of DF intensity, for low I L values, could also be associated with our model. Namely, since light intensity is proportional to n, number of absorbable photons contained in one light flash, let us transform expression (4) into the following form: which theoretically states that, in case of model type j = 2 (DF emission after two photon hits), intensity is directly proportional to the square of the number of photons in one light flash (light intensity). This expression additionally points to the absorption of second photon, as a possible event evoking DF, and is in accordance with the results of the error analysis, presented on Fig. 8 . Under present experimental conditions, large area antennas should have a higher hitting probability. However, since the existence of smaller antennas could not be neglected (M c C a u l e y et al., 1981), their participation and influence on the DF induction signal should not be excluded. Since bigger antennas absorb more efficiently, one could expect the transient C to appear earlier than transient D, associated, according to our model, with smaller antennas, which was experimentally verified. Accuracy of any model is limited, among other factors, on the choice of its initial assumptions. In case of the presented model, whole procedure and consequent conclusions are based on somewhat restrictive presumptions (a) and (b). It is of interest, therefore, to suggest corresponding potential generalizations of this model. Namely, if one flash would consist of so many photons that the number of targets hit with two or more projectiles could not be neglected, then the flash itself should be treated as a series of successive, shorter sub-flashes, each of them respecting the condition (a). On the other hand, if the number of targets, with reversible history between two flashes, could not be neglected, present recurrent formulas should be modified to account for these "inter- 
(one simple case of this modification was described in the subsection Reversibility of Target States). Future introduction of these more sophisticated models will hopefully contribute to a better understanding of already known experimental facts.
